The accuracy of heat deposition, which is proportional to magnetic fluid weight density, appears to be a major factor in the quality of magnetic-fluid-based hyperthermia. An innovative giant magnetoresistance (GMR) needle probe is proposed as a means of estimating very-low-concentration magnetic fluid weight density in a low-invasive way. The method of estimation is based on the difference between magnetic flux densities inside and outside a magnetic-fluid-filled area in the body, given that the applied magnetic flux density is uniform. Since, for very-low magnetic fluid weight densities the percentage change in magnetic flux density is in the order of 1/100, it is important that the applied magnetic flux density be at least 1/10th more uniform. For this purpose a Lee-Whiting type coil was designed and fabricated, producing a 0.001% fluctuation from the center of the coil in approximately 35% of the outer coil spacing along the axial direction and 25% of the diameter of the coils in the radial direction. Concentrations as low as 0.03% weight density (a change in magnetic flux density in the order of nanotesla) were estimated by means of a GMR needle probe.
In magnetic-fluid-based hyperthermia, magnetic fluid is injected into the affected area and an external ac magnetic flux density is added, to exploit the self heating properties of the magnetic fluid 1) . Temperatures in excess of 42 °C destroy tumors 2) . One of the main problems associated with magnetic fluid hyperthermia is that the magnetic fluid spreads inside tissue once injected, reducing its content density.
An important issue that needs to be addressed involves the fate of magnetic fluid once used as self-heating agents in hyperthermia therapy. While it is safe to assume that only a small amount of magnetic fluid remains after treatment, there is no conclusive evidence due to the novelty of magnetic fluid hyperthermia treatment. Even though, magnetic fluid is biocompatible it may be influenced by other bodily fluids or functions if it were to remain in the body for a prolonged period of time. The possible fact that magnetic fluid remains in the body for a long duration can be exploited for further treatment or for utilizing it for other applications.
Work has been done previously to estimate magnetic fluid weight density in various type cavities using the proposed giant magnetoresistance (GMR) needle probe and the limit of detection was 0.145 % magnetic fluid weight density Dw 3) . However, estimation of very-lowconcentration Dw (less than 0.1 %) is significant in hyperthermia therapy since the magnetic fluid dosage in the body should be as low as possible, and a considerable amount of fluid may remain after treatment. This remnant fluid along with magnetic fluid spreading inside tissue after injection inside body indicates further reduction of the original low dosage. Since successful treatment is directly proportional to magnetic fluid weight density it is essential to estimate in-vivo. This manuscript discusses the experimental apparatus fabricated and the experimental results estimating verylow-concentration magnetic fluid content density inside agar cavities, using the GMR needle probe. ) of magnetic fluid are; i) µ * of magnetic nanoparticles is infinite compared to one of water as a medium, ii) magnetic nanoparticles are cylindrical in shape with equal height and diameter, iii) magnetic nanoparticles are uniformly distributed in the fluid, and iv) magnetic nanoparticles form clusters and have space between them. Taking into account these assumptions and an equivalent permenace of a unit volume, based on permeance calculations of magnetic paths through magnetic nanoparticles and liquid, µ * of magnetic fluid as a bulk is calculated as follows 4) ,
where Cd is a coefficient (theoretically 4), Dv is the magnetic fluid volume density, hs is the packing factor of spherical magnetite (0.523), and γf is the specific gravity of magnetite (4.58).
From Eq. (1) it can be seen that µ * is proportional to the magnetic fluid weight density but is not influenced by the shape or size of the magnetic nanoparticles. Very Very Very----low low low low----concentration magnetic fluid weight concentration magnetic fluid weight concentration magnetic fluid weight concentration magnetic fluid weight density estimation by density estimation by density estimation by density estimation by measuring minute changes in measuring minute changes in measuring minute changes in measuring minute changes in magnetic flux density inside and outside a magnetic fluid magnetic flux density inside and outside a magnetic fluid magnetic flux density inside and outside a magnetic fluid magnetic flux density inside and outside a magnetic fluid filled body filled body filled body filled body Figure 1 shows that when a uniform magnetic flux density is applied to an ellipsoidal cavity with µ * >1
(assuming µ * outside is 1), the flux lines will converge at the cavity, giving rise to a difference in magnetic flux density inside (B1) and outside the cavity (B0). The relationship between change in magnetic flux density δ, and Dw is shown below 4) .
where N is the demagnetizing factor of the cavity, which depends on aspect ratio of cavity, s (height, h / diameter, d , of a cylindrical particle). It can be seen from Eq. (2) that magnetic fluid weight density can be estimated by measuring the change in magnetic flux density inside and outside a magnetic-fluid-filled cavity. However, since N is also proportional to δ the shape of the cavity should be considered but not the size. type GMR sensor The magnetic sensor that was designed and fabricated has a needle-shaped detecting part. The needle-shaped detecting part includes a substrate cut to have a needle shape. The reason behind this novel approach is that if a detection element is attached to the probe of a fine needle, the sensor can be made compact, and influence from the shape of the substrate can be reduced to a certain extent.
The needle is shown in Fig. 2 (a) . The needle is 20 mm in length and approximately 310 µm in diameter. Generally, such a fine needle can be expected to break easily due to its lack of rigidity. However, since the substrate itself is cut into a needle shape, a hard material such as aluminum titanium carbide (AlTiC), a sintered material of aluminum oxide (Al2O3) and titanium carbide (TiC), can be used as the base material to make the needle strong. The needle-shaped detecting part consists of a substrate to which a cutting process is applied to have a needle shape, four spin valve GMR elements formed of thin films on the surface of the substrate, four connection/bonding pads, lead conductors for electrically connecting the GMR elements to the connection/bonding pads and a protection film for covering the spin valve GMR elements and lead conductors, except parts of the connection/bonding pads.
The spin valve GMR sensing elements are connected in a Wheatstone bridge circuit fashion as shown in Fig. 2  (b) 3) . The sensing element at the tip is 75 µm × 45 µm. The other three sensing elements that make up the Wheatstone bridge are placed near the connection/bonding pads. The advantage of the bridge structure is that B1 and B0 can be measured directly and simultaneously. The spin valve GMR sensors have a nominal resistance of approximately 540 Ω. Figure 3 (a) shows the casing that houses the needle and the flexible printed circuit (FPC) board. The case is ideally a mold of resin material. For the resin material, any generally used resin material may be used such as UNILATE™ of UNITKA which embody polyethylene telephthalate (PET) composite resin. However, as a general rule the case can be made of any material that is non-magnetic. Since very sensitive magnetic fields are to be measured by the GMR needle probe it is essential that no magnetic materials are used for the case, since it would influence measurement. Figure 3 (b) shows the fabricated GMR needle probe. The GMR needle probe is only 155 mm in length making it a compact tool that is ideal for measurement in medical applications. 
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Estimation of very----low low low low----concen concen concen concentration magnetic fluid tration magnetic fluid tration magnetic fluid tration magnetic fluid weight density inside cylindrical agar cavities weight density inside cylindrical agar cavities weight density inside cylindrical agar cavities weight density inside cylindrical agar cavities Figure 6 shows the experimental setup where the fabricated Lee-Whiting coil was used to produce a uniform magnetic flux density of 0.09 mT at 50 and 100
Hz. Cylindrical agar pieces of d = 18 mm (s = 1) were injected with very-low-concentration magnetic fluid (Dw = 0.03 -0.2 %). The GMR needle probe with a sensing area of 75 µm × 45 µm at the tip of the needle was inserted to the center of magnetic-fluid-filled agar cavities. The differential magnetic flux density is in the order of nanotesla in the experimental situation. The bridge structure of the GMR needle probe measured the differential magnetic flux density simultaneously. The bridge output was amplified 100 times and sent to the lock-in amplifier. Then the data from the lock-in amplifier was transferred through GPIB to a computer for further analysis. For each low-concentration weight density, 5 values were taken and averaged.
Experimental results shown in Fig. 7 indicate that the change in magnetic flux density is proportional to Dw. This can be explained by the fact that when Dw of a given magnetic fluid filled cavity increases, the corresponding µ * also increases. Hence, the magnetic flux density converging at such a cavity also increases, resulting in a higher difference between the uniform magnetic flux any cavity that has a shape which falls between a long, thin and a short, flat cavity, since in reality cancer can be of any shape. However, the current limit of estimation has a good possibility to be influenced by the construction and coiling errors of the Lee-Whiting coil, which will be discussed in the next section. Fig. 7 when there is no magnetic fluid can be caused by many sources such as noise, and experimental error. However, the most likely reason could be error margin of position and shape made during construction and coiling of the Lee-Whiting coil. Shown in Table 1 are the error percentages at 0.02 m in the axial direction if the radius or the distance between the coils is shifted 0.5 mm. Also, the error percentage increases to 4×10 -5 % if current distribution is considered as a square instead of a point (as assumed in analytical analysis). These calculations show the limitation of the current system to estimate very-low-concentration magnetic fluid weight density. Experiments were performed to simulate the condition where the GMR probe can be inserted in-vivo to estimate very-low-concentration magnetic fluid. One of the main issues considered was the uniformity of the external magnetic flux density. A Lee-Whiting type coil was designed and fabricated to perform the role of a very uniform magnetic flux density generator. The uniformity in the experimental area with respect to the center of the coil was at least 10 times superior compared to the low-concentration weight densities that were tested. Experiments performed with 18 mm cylindrical agar cavities showed that there was a proportional relationship between Dw and change in magnetic flux density. However, the limit of detection hovered around 0.03 -0.05 % with the current experimental method and setup. The limit of detection is influenced by noise sources as well as non-uniform components of the Lee-Whiting coil which most probably stemmed from coiling and construction errors. Experimental results (100 Hz)
Fig .  Fig. Fig.  Fig. 7 7 7 7 Experimental results estimating very low-concentration magnetic fluid weight density inside agar pieces.
